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We describe the principle and the status of the PVLAS experiment which is presently
running at the INFN section of Ferrara, Italy, to detect the magnetic birefringence of
vacuum. This is related to the QED vacuum structure and can be detected by mea-
suring the ellipticity acquired by a linearly polarized light beam propagating through a
strong magnetic field. Such an effect is predicted by the Euler-Heisenberg Lagrangian.
The method is also sensitive to other hypothetical physical effects such as axion-like
particles and in general to any fermion/boson millicharged particle. Here we report on
the construction of our apparatus based on a high finesse (> 2 · 105) Fabry-Perot cavity
and two 0.9 m long 2.5 T permanent dipole rotating magnets, and on the measurements
performed on a scaled down test setup. With the test setup we have improved by about
a factor 2 the limit on the parameter Ae describing non linear electrodynamic effects in
vacuum: Ae < 2.9 · 10−21 T−2 @ 95% c.l.
Keywords: Non linear electrodynamics; QED test; PVLAS.
PACS numbers: 11.25.Hf, 123.1K
1. Physics case
Magnetic vacuum birefringence or light-light interaction in vacuum at very low
energies have yet to be observed. Several experimental efforts are underway1–10
to detect such effects. Indeed QED predicts non linear effects leading to birefrin-
gence and light-light scattering (LbL) through the box diagram.11–18 Further-
more hypothetical ideas such as the existence of axion-like particles (ALPs) cou-
pling to two photons21–24 or the existence of fermion/boson millicharged particles
∗Corresponding author: Guido Zavattini, INFN - sezione di Ferrara and Physics Department,
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(MCPs)25–29 could generate both magnetic birefringence and magnetic dichroism.
Finally the coupling of four photons through qq¯ fluctuations is also possibile but an
evaluation of such a contribution to the vacuum magnetic birefringence cannot be
extracted from indirect measurements.30,31 Due to the quark masses, though, this
last contribution can be expected to be very small.
These different contributions to the four photon interaction are summarized in
Figure 1.
Today the best limit on four photon interactions has been set by the
PVLAS collaboration32 with an upper bound on vacuum magnetic birefringence
∆n(PVLAS) @ 2.3 T
∆n(PVLAS) < 1.0 · 10−19 @ 1064 nm and 2.3 T (1)
which, translated into light-light elastic scattering,14–18 results in an upper bound
on the cross section σ
(PVLAS)
γγ
σ(PVLAS)γγ < 4.6 · 10−58 cm2 @ 1064 nm (2)
The predicted QED value of the magnetic vacuum birefringence (see below)
∆n(QED) and light-light elastic scattering cross section σ
(QED)
γγ are
∆n(QED) = 2.1 · 10−23 @ 2.3 T (3)
σ(QED)γγ = 1.8 · 10−65 cm2 @ 1064 nm (4)
.
Fig. 1. Feynman diagrams for four field interactions.
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1.1. Electrodynamics
In the absence of matter, Maxwell’s equations can be obtained from the classical
electromagnetic Lagrangian density LCl (in S.I. units)
LCl = 1
2µ0
(
E2
c2
−B2
)
(5)
It is well known that in this case the superposition principle holds thereby excluding
light-light scattering and other non linear electromagnetic effects in vacuum.
With the introduction of Dirac’s equation for electrons and Heisenberg’s Un-
certainty Principle, Euler and Heisenberg in 193611 derived a Lagrangian density
which leads to electromagnetic non linear effects even in vacuum. For photon ener-
gies well below the electron mass and fields much smaller than their critical values,
B ≪ Bcrit = m2ec2/e~ = 4.4 · 109 T, E ≪ Ecrit = m2ec3/e~ = 1.3 · 1018 V/m, the
Euler-Heisenberg Lagrangian correction can be written as
LEH = Ae
µ0
[(E2
c2
−B2
)2
+ 7
( ~E
c
· ~B
)2]
(6)
where µ0 is the magnetic permeability of vacuum and
Ae =
2
45µ0
α2λ¯3e
mec2
= 1.32 · 10−24 T−2 (7)
with λ¯e being the Compton wavelength of the electron, α = e
2/(~c4πǫ0) the fine
structure constant, me the electron mass, c the speed of light in vacuum.
This Lagrangian correction allows four field interactions and can be represented,
to first order, by the Feynman diagrams shown in Figure 1 a) and b). Figure 1 a)
represents light by light scattering whereas Figure 1 b) represents the interactions
of real photons with a classical field leading to vacuum magnetic birefringence.
To determine the magnetic birefringence of vacuum one can proceed by deter-
mining the electric displacement vector ~D and magnetic intensity vector ~H from
the total Lagrangian density L = LCl + LEH by using the constitutive relations12
~D =
∂L
∂ ~E
and ~H = − ∂L
∂ ~B
(8)
From these one obtains
~D = ǫ0 ~E + ǫ0Ae
[
4
(E2
c2
−B2
)
~E + 14
(
~E · ~B
)
~B
]
(9)
~H =
~B
µ0
+
Ae
µ0
[
4
(E2
c2
−B2
)
~B − 14
( ~E · ~B
c2
)
~E
]
(10)
With the ~D and ~H vectors one can use Maxwell’s equation in media to now describe
light propagation in an external field. It is evident that these will no longer be
linear due to the non linear dependence of ~D and ~H with respect to ~E and ~B.
By assuming a linearly polarized beam of light propagating perpendicularly to an
external magnetic field ~Bext there are two possible configurations: light polarization
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parallel to ~Bext and light polarization perpendicular to ~Bext. By substituting ~E =
~Eγ and ~B = ~Bγ + ~Bext in (9) and (10) one finds the following relations for the
relative dielectric constants and magnetic permeabilities

ǫ‖ = 1 + 10AeB2ext
µ‖ = 1 + 4AeB2ext
n‖ = 1 + 7AeB2ext


ǫ⊥ = 1− 4AeB2ext
µ⊥ = 1 + 12AeB2ext
n⊥ = 1 + 4AeB2ext
(11)
From these sets of equations two important consequences are apparent: the ve-
locity of light in the presence of an external magnetic field is no longer c and vacuum
is birefringent with
∆n = 3AeB
2
ext (12)
Numerically this leads to the value given in equation (3).
1.2. Post-Maxwellian generalization
It is interesting to generalize the non linear electrodynamic Lagrangian density
correction by introducing three free parameters ξ, η1 and η2:
LpM = ξ
2µ0

η1
(
E2
c2
−B2
)2
+ 4η2
(
~E
c
· ~B
)2 (13)
where ξ = 1/B2crit =
(
e~
m2ec
2
)2
whereas η1 and η2 are dimensionless parameters
depending on the model. With such a formulation the birefringence induced by an
external magnetic field is
∆n = 2ξ (η2 − η1)B2ext (14)
This expression reduces to (3) if η1 = α/45π and η2 = 7/4η1. It is thus apparent
that n‖ depends only on η1 whereas n⊥ depends only on η2. It is also noteworthy
that if η1 = η2, as is the case in the Born-Infeld model, then there is no magnetically
induced birefringence even though elastic scattering will be present.19,20
1.3. New physics
As mentioned above, two other important hypothetical effects could also cause n 6= 1
in the presence of an external magnetic (or electric) field transverse to the light
propagation direction. These can be due either to neutral bosons weakly coupling
to two photons called axion-like particles (ALP),21–24 or millicharged particles
(MCP).25–29 In this second case both fermions and spin-0 particles can be treated.
1.3.1. ALP
Search for axions using laboratory optical techniques was experimentally pio-
neered by the BFRT collaboration34 and subsequently continued by the PVLAS
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effort.1,2,32 Initially, this second experiment published the detection of a dichroism
induced by the magnetic field35 in vacuum. Such a result, although in contrast with
the CAST experiment,36 could have been due to axion-like particles. Subsequently
the result was excluded by the same collaboration2,32 after a series of upgrades
to their apparatus and almost simultaneously the axion-like interpretation was ex-
cluded by two groups37,38,39 in a regeneration type measurement. However, the
original publication revived interest in the optical effects which could be caused by
ALP’s and later MCP’s.
The Lagrangian densities describing the interaction of either pseudoscalar fields
φa or scalar fields φs with two photons can be expressed as (for convenience, written
in natural Heavyside-Lorentz units)
La = 1
Ma
φa ~E · ~B and Ls = 1
Ms
φs
(
E2 −B2) (15)
where Ma and Ms are the coupling constants.
Therefore in the presence of an external uniform magnetic field ~Bext a photon
with electric field ~Eγ parallel to ~Bext will interact with the pseudoscalar field whereas
for electric fields perpendicular to ~Bext no such interaction will exist. For the scalar
case the opposite is true: an interaction will exist if ~Eγ ⊥ ~Bext and will not if
~Eγ ‖ ~Bext. When an interaction is present, an oscillation between the photon and
the pseudoscalar/scalar field will exist.
For photon energies above the mass ma,s of such particle candidates, a real
production can follow. This will cause an oscillation of those photons whose po-
larization allows an interaction into such particles. On the other hand, even if the
photon energy is smaller than the particle mass, virtual production will follow and
will cause a phase delay for those photons with an electric field direction allowing
an interaction.
The attenuation κ and phase delay φ for light with polarization allowing an
interaction can be expressed, in both the scalar and pseudoscalar cases, as:21,22,34
κ = 2
(
BextL
4Ma,s
)2(
sinx
x
)2
and φ =
ωB2extL
2M2a,sm
2
a,s
(
1− sin 2x
2x
)
(16)
where, in vacuum, x =
Lm2a,s
4ω , ω is the photon energy and L is the magnetic field
length. The above expressions are in natural Heavyside-Lorentz units whereby 1 T
=
√
~3c3
e4µ0
= 195 eV2 and 1 m = e
~c = 5.06 · 106 eV−1. The phase delay φ is related
to the index of refraction n by
φ = k (n− 1)L (17)
Therefore in the pseudoscalar case, where na‖ > 1 and n
a
⊥ = 1, and in the scalar
case, where ns⊥ > 1 and n
s
‖ = 1, the birefringence ∆n = n‖ − n⊥ will be
∆n = na‖ − 1 = 1− ns⊥ =
B2ext
2M2a,sm
2
a,s
(
1− sin 2x
2x
)
(18)
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In the approximation for which x≪ 1 (small masses) this expression becomes
∆n = na‖ − 1 = 1− ns⊥ =
B2extm
2
a,sL
2
16M2a,s
(19)
whereas for x≫ 1
∆n = na‖ − 1 = 1− ns⊥ =
B2ext
2M2a,sm
2
a,s
(20)
The different behavior of ns⊥−1 and na‖−1 with respect to L in the two cases where
x≪ 1 and x≫ 1 is interesting and leaves, in principle, a free experimental handle
for distinguishing between various scenarios.
1.3.2. MCP
Consider now the vacuum fluctuations of particles with charge ±ǫe and mass mǫ
as discussed by Gies and Ringwald in references 25 and 26. The photons traversing
a uniform magnetic field may interact with such fluctuations resulting in both a
pair production if the photon energy ω > 2mǫ and only a phase delay if ω < 2mǫ.
Furthermore, either fermions or spin-0 charged bosons could exist. Since we are
discussing birefringence effects only the (real) index of refraction will be considered
here.
- Dirac fermions
Let us first consider the case in which the millicharged particles are Dirac
fermions (Df). As derived by Tsai in reference 27 the indices of refraction of photons
with polarization respectively parallel and perpendicular to the external magnetic
field have two different mass regimes defined by a dimensionless parameter χ (S.I.
units):
χ ≡ 3
2
~ω
mǫc2
ǫeBext~
m2ǫc
2
(21)
It can be shown that25,28
nDf‖,⊥ = 1 + I
Df
‖,⊥(χ)AǫB
2
ext (22)
with
IDf‖,⊥(χ) =


[
(7)‖ , (4)⊥
]
for χ≪ 1
− 97 452
π1/221/3(Γ( 23 ))
2
Γ( 16 )
χ−4/3
[
(3)‖ , (2)⊥
]
for χ≫ 1
and
Aǫ =
2
45µ0
ǫ4α2λ¯3ǫ
mǫc2
(23)
in analogy to equation (7). In the limit of large masses (χ ≪ 1) this expression
reduces to (11) with the substitution of ǫe with e and mǫ with me in equation (22).
The dependence on Bext remains the same as for the well known QED prediction.
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For small masses (χ ≫ 1) the index of refraction now also depends on the
parameter χ−4/3 resulting in a net dependence of n with B2/3ext rather than B
2
ext.
In both mass regimes, a birefringence is induced:
∆nDf =
[
IDf‖ (χ)− IDf⊥ (χ)
]
AǫB
2
ext = (24)
=


3AǫB
2
ext for χ≪ 1
− 97 452
π1/221/3(Γ( 23 ))
2
Γ( 16 )
χ−4/3AǫB2ext for χ≫ 1
- Spin-0 charged bosons
Very similar expressions to the Dirac fermion case can also be obtained for the
spin-0 (s0) charged particle case.25,29 Again there are two mass regimes defined by
the same parameter χ of expression (21). In this case the indices of refraction for
the two polarization states with respect to the magnetic field direction are
ns0‖,⊥ = 1 + I
s0
‖,⊥(χ)AǫB
2
ext (25)
with
Is0‖,⊥(χ) =


[(
1
4
)
‖ ,
(
7
4
)
⊥
]
for χ≪ 1
− 914 452
π1/221/3(Γ( 23 ))
2
Γ( 16 )
χ−4/3
[(
1
2
)
‖ ,
(
3
2
)
⊥
]
for χ≫ 1
The vacuum magnetic birefringence is therefore
∆ns0 =
[
Is0‖ (χ)− Is0⊥ (χ)
]
AǫB
2
ext = (26)
=


− 64AǫB2ext for χ≪ 1
9
14
45
2
π1/221/3(Γ( 23 ))
2
Γ( 16 )
χ−4/3AǫB2ext for χ≫ 1
As can be seen there is a sign difference in the birefringence ∆n induced by an
external magnetic field in the presence of Dirac fermions with respect to the case
in which spin-0 particles exist.
1.4. Higher order QED corrections
Figures 1 c) and d) show the Feynman diagrams for the α3 contribution to the
vacuum magnetic birefringence. The effective Lagrangian density for this correction
has been evaluated by different authors40–42 and can be expressed as
LRad = Ae
µ0
(α
π
) 10
72
[
32
(E2
c2
−B2
)2
+ 263
( ~E
c
· ~B
)2]
(27)
This Lagrangian leads to an extra correction ∆nRad of the vacuum magnetic bire-
fringence given in equation (12)
∆nRad =
25α
4π
3AeB
2
ext = 0.0145 · 3AeB2ext (28)
resulting in a 1.45 % correction.
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2. Apparatus and Method
The aim of the PVLAS collaboration is to build an apparatus capable of measuring
very small ellipticities and rotations. In particular the ultimate goal is to measure
the vacuum magnetic birefringence predicted by the Euler-Heisenberg Lagrangian.
At present the best experimental result is an upper bound on Ae.
32 This bound
is a factor of about 5000 above the predicted value. A sensitive ellipsometer de-
signed to measure small birefringences can also be used to measure small rotations
due to dichroism. Although QED does not predict dichroism (photon splitting is
unmeasurably small), ALP’s and MCP’s could.
As will be shown below a birefringence ∆n will induce an ellipticity Ψ on a
linearly polarized beam of light given by
Ψ = π
Leff∆n
λ
sin 2ϑ (29)
where Leff is the effective path length within the birefringent region with birefrin-
gence ∆n and λ is the wavelength of the light traversing it. The induced ellipticity
also depends on the angle ϑ between the light polarization and the magnetic field
direction. In the QED case ∆n depends quadratically on the magnetic field ~B.
Therefore the magnetic field region must be as long as possible, the magnetic field
as intense as possible and the wavelength small. Finally the expected ellipticity must
be compared to the different noise sources present and to the maximum available
integration time.
Experimentally Leff can be made very long by using a very high finesse Fabry-
Perot cavity. In fact given a birefringent region of length L within a Fabry-Perot
cavity of finesse F the effective path length is Leff = 2Fπ L. Today finesses F >
400000 can be obtained.
High magnetic fields can be obtained with superconducting magnets but as we
will see below it is desirable to have a time dependent field either by ramping it,
thereby changing ∆n or by rotating the field direction, thereby changing ϑ. This
makes superconducting magnets far less appealing than permanent magnets which,
today, can reach fields above 2.5 T. Furthermore permanent magnets are relatively
inexpensive to buy, have no running costs and have 100% duty cycle allowing in
principle very long integration times.
As for the wavelength we are working with a Nd:YAG laser emitting radiation at
1064 nm. Frequency doubled versions exist and could double the induced ellipticity
but at the moment the highest finesses have been obtained without the frequency
doubling.
Lastly it is necessary to make the magnetic field time dependent to move away
from DCmeasurements and limit 1/f noise. Two detection schemes exist: homodyne
detection or heterodyne detection. This second technique has been adopted in the
PVLAS collaboration.
A scheme of the ellipsometer is shown in Figure 2. The input polarizer linearly
polarizes the laser beam of intensity I0 which then enters the sensitive region de-
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limited by the Fabry-Perot cavity mirrors. The laser is phase locked to this cavity
thus increasing the optical path length within the magnetic field by a factor 2F/π
where F is the finesse of the cavity. After the cavity the laser beam passes through
a photo-elastic ellipticity modulator (PEM) which adds a known time dependent
ellipticity η(t) to the beam. This modulator ellipticity adds to the ellipticity Ψ(t)
acquired within the magnetic field region. After the PEM the beam passes through
the analyzer which selects the polarization perpendicular to the input polarization.
A photodiode detects ITr and its Fourier spectrum is then analyzed.
2.1. Numbers
To better understand what follows it is useful to present some numerical values of
the different quantities involved in the PVLAS experiment. Considering the vacuum
magnetic birefringence due to the Euler-Heisenberg Lagrangian, let us determine
the ellipticity we expect in the apparatus under construction. We will have a total
magnetic field length L = 1.8 m with a field intensity | ~Bext| = 2.5 T resulting in
B2extL = 11.25 T
2m. At present we are running with a finesse F = 240000. In the
past we have reached a maximum finesse value of F = 414000. Such values have also
been published by other authors. We can therefore assume a value of F = 400000
for our calculation. Putting these numbers together leads to
ΨPVLAS = 2F 3AeLB
2
ext
λ
= 3.3 · 10−11 (30)
Assuming a maximum integration time Tmax = 10
6 s and a signal to noise ratio
SNR = 1 implies that the sensitivity must be
sPVLAS < ΨPVLAS
√
Tmax = 3.3 · 10−8 1√
Hz
(31)
As discussed in Ref. 32 the ultimate shot noise ellipticity sensitivity limit with
the heterodyne technique depends only on the current generated in the photodiode.
Assuming the power output from the cavity ITr = 5 mW and the quantum efficiency
of the diode q = 0.7 A/W.
sshot =
√
e
2ITrq
∼ 5 · 10−9 1√
Hz
(32)
At present our sensitivity with ITr = 5 mW is about sExp ∼ 3 · 10−7 1√Hz at the
frequency of interest. Work is underway to try to understand the noise present.
Fig. 2. Scheme of the PVLAS ellipsometer.
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2.2. Heterodyne technique
Considering the coherence of the light source a full treatment of the system can be
done with the Jones matrix formalism.43 For the purpose of our discussion let the
laser beam propagate along the Z axis and let the incoming (linear) polarization
define the X axis (Figure 3). The Jones matrix for a uniaxial birefringent element
of length L is given by
BF(ϑ) =
(
1 + ıψ cos 2ϑ ıψ sin 2ϑ
ıψ sin 2ϑ 1− ıψ cos 2ϑ
)
(33)
where ψ (ψ ≪ 1) is the induced ellipticity acquired by the light, ϑ represents the
angle between the slow axis (n‖ > n⊥) of the medium and the X axis. Furthermore
ψ =
ϕ‖ − ϕ⊥
2
= π
L(n‖ − n⊥)
λ
(34)
with ϕ‖ − ϕ⊥ the phase delay between the parallel and perpendicular polarization
components acquired in the length L.
The entrance polarizer defines the input electric field ~Ein = E0
(
1
0
)
which, after
the magnetic field region, will be
~E0 = E0·BF ·
(
1
0
)
= E0
(
1 + ıψ cos 2ϑ
ıψ sin 2ϑ
)
Assuming no losses, the power ITr after the analyzer (polarizer crossed with respect
to the entrance polarizer) will therefore be
ITr = I0 |ıψ sin 2ϑ|2 (35)
The output power is proportional to ψ2 and given the predicted value results in
an unmeasurably small intensity component.
Fig. 3. Reference frame for the calculations using the Jones matrix formalism. The birefringent
medium has a thicness L.
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By adding a known sinusoidal ellipticity η(t) generated with the PEM, the ellip-
ticity signal ψ is linearized. In fact the Jones matrix for the modulator is the same
as BF with ϑ set at an angle of π/4 (ψ ≪ η ≪ 1):
MOD =
(
1 ıη(t)
ıη(t) 1
)
(36)
The resulting vector describing the electric field after the modulator will be
~Eout = E0·MOD ·BF ·
(
1
0
)
= E0
(
1 + ıψ cos 2ϑ− ψη(t) sin 2ϑ
ıη(t) + ıψ sin 2ϑ− η(t)ψ cos 2ϑ
)
Neglecting second order terms, the power ITr after the analyzer will be
ITr(t) = I0 |ıη(t) + ıψ sin 2ϑ|2 ≃ I0
[
η(t)2 + 2η(t)ψ sin 2ϑ
]
(37)
which now depends linearly on the ellipticity ψ. To complete the discussion, one
finds experimentally that static and slowly varying ellipticities, indicated as α(t),
are always present in an real apparatus and that two crossed polarizers have an
intrinsic extinction ratio σ2, mainly due to imperfections in the calcite crystals.
Furthermore, losses in the system reduce the total light reaching the analyzer which
we will now indicate as Iout. Therefore, taking into account an additional spurious
ellipticity term α(t) (since α, ψ, η ≪ 1 these terms commute and therefore add up
algebraically) and a term proportional to σ2, the total power at the output of the
analyzer will be
ITr(t) = Iout
[
σ2 + |ıη(t) + ıψ sin 2ϑ+ ıα(t)|2
]
≃
≃ Iout
[
σ2 + η(t)2 + α(t)2 + 2η(t)ψ sin 2ϑ+ 2η(t)α(t)
]
(38)
To be able to distinguish the large term η(t)α(t) from the term η(t)ψ sin 2ϑ,
ψ sin 2ϑ is also modulated in time. This can be done by either ramping the mag-
netic field intensity (varying therefore ψ) or by rotating the magnetic field direction
(varying ϑ). The final expression, explicitly indicating the time dependence of ψ
and ϑ, for the power at the output of the analyzer is therefore
ITr(t) = Iout
[
σ2 + η(t)2 + α(t)2 + 2η(t)ψ(t) sin 2ϑ(t) + 2η(t)α(t)
]
(39)
2.3. Optical path multiplier
To increase the ellipticity induced by the birefringent region of length L one can
increase the number of passes through it. Either a multi-pass cavity or a Fabry-Perot
cavity can be used for this purpose. In the PVLAS experiment described below, a
Fabry-Perot has been chosen.
In a multi-pass cavity the induced ellipticity is proportional to the number of
passes Npass through the region. With a Fabry-Perot cavity the analogy to a multi-
pass cavity is not immediate since one is dealing with a standing wave.
Let t, r be the transmission and reflection coefficients, and p the losses of the
mirrors of the cavity such that t2+ r2+p = 1. Let d be the length of the cavity and
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δ = 4πd/λ the roundtrip phase for a beam of wavelength λ. Then the Jones matrix
for the elements of the ellipsometer after the entrance polarizer is
ELL = A · SP ·MOD · t2eıδ/2
∞∑
n=0
[
BF2r2eıδ
]n ·BF (40)
where A =
(
0 0
0 1
)
is the analyzer Jones matrix and SP describes the spurious
ellipticity mainly due to the mirrors of the cavity itself. Because r2 < 1, ELL can
be rewritten as
ELL = A · SP ·MOD · t2eıδ/2[I−BF2r2eıδ]−1 ·BF (41)
with I the identity matrix. With the laser phase locked to the cavity so that δ =
2πm, where m is an integer number, the electric field at the output of the system
will be
~Eout = E0·ELL ·
(
1
0
)
= E0
t2
t2 + p
(
0
ıα(t) + ıη(t) + ı 1+r
2
1−r2ψ sin 2ϑ
)
(42)
and the power, including losses,
ITr(t) = Iout
∣∣∣∣∣ıα(t) + ıη(t) + ı
(
1 + r2
1− r2
)
ψ sin 2ϑ
∣∣∣∣∣
2
(43)
This expression is at the basis of the ellipsometer in the PVLAS apparatus.44
Small ellipticities add up algebraically and the Fabry-Perot multiplies the single
pass ellipticity ψ sin 2ϑ, generated within the cavity, by a factor (1 + r2)/(1− r2) ≈
2F/π, where F is the finesse of the cavity. The ellipticity signal to be detected is
therefore Ψ = (2F/π)ψ sin 2ϑ.
2.4. Fourier components
In the PVLAS experiment, η(t) = η0 cos(ωModt+θMod) and the magnetic field direc-
tion is rotated at an angular velocity ΩMag. A Fourier analysis of the power ITr(t)
of equation (43) results in four main frequency components each with a definite
amplitude and phase. These are reported in table 1.
Frequency Fourier component Intensity/I0 Phase
DC IDC σ
2 + α2DC + η
2
0/2 −
ωMod IωMod 2αDCη0 θMod
ωMod ± 2ΩMag IωMod±2ΩMag η0 2Fπ ψ θMod ± 2θMag
2ωMod I2ωMod η
2
0/2 2θMod
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The presence of a component at ωMod±2ΩMag in the signal identifies an induced
ellipticity within the Fabry-Perot cavity. Furthermore the phase of this component
must satisfy the value in table 1.
3. Experimental studies
3.1. PVLAS - LNL limitations
Although the previous PVLAS apparatus32 setup at LNL in Legnaro, Italy, set
best limits on magnetic vacuum birefringence and photon-photon elastic scattering
at low energies several limitations were present in this apparatus:
• stray field due to the superconducting magnet when operating at high fields
• limited running time due to liquid helium consumption in the rotating
cryostat
• high running costs
• seismic noise
• with a single magnet a zero measurement with the same experimental con-
ditions as with the field ON is not possible
To solve the first two points in the new setup we chose to work with permanent
magnets instead of the superconducting magnet. In this way the stray field will
be much smaller and the duty cycle will be 100%. Furthermore studies on the
PVLAS - LNL setup revealed limitations due to seismic noise. Due to the size and
configuration of the optical benches this problem could not be solved directly on
site. As was shown in 33 it is necessary to seismically isolate the whole ellipsometer
apparatus on a single optical bench.
For these reasons a complete new setup is being rebuilt on a single granite optical
bench.
3.2. Two magnet configuration
The last point in the above list deserves some attention. A zero measurement in an
experimental condition as close to the signal configuration as possible is absolutely
mandatory after the experience with the PVLAS - LNL apparatus. Especially when
dealing with such a sensitive apparatus. Therefore instead of using a single dipole
magnet, two magnets will be used. By orienting the fields of the two magnets at
90◦ and assuming the magnets to be identical the net ellipticity generated by the
magnetic birefringence is zero. Running the system with the magnets parallel and
perpendicular will allow the identification of a real physical signal with respect to
some spurious signal due to stray field.
A verification of this idea was done with our test setup in Ferrara using the
Cotton-Mouton effect of oxygen. The principle of the test ellipsometer is identical
to the final system in construction. A photograph of the test apparatus is shown
in Figure 4. At the center one can see the two permanent magnets each generating
October 18, 2018 16:14 WSPC/INSTRUCTION FILE
Benasque2011Zavattini
14 Guido Zavattini
.
Fig. 4. Photograph of the test apparatus in Ferrara. At the center one can see the two dipole
permanent magnets. The optics is supported by two antivibration stages whereas the magnet
supports are on the floor.
a 20 cm long magnetic field of intensity | ~B| = 2.3 T. The whole optical setup is
placed on a seismically isolated optical bench whereas the magnets are supported
by a structure placed on the floor thereby mechanically isolated from the optics.
Figure 5 shows the Fourier spectrum around the carrier frequency ωMod. Clear side-
bands can be seen at twice the rotation frequency of the magnets (ΩMag = 1.5 Hz).
Shown in grey is the Fourier transform with the magnets in a parallel configuration
whereas in black the magnets are perpendicular. The signal attenuation factor in
the perpendicular configuration with respect to the parallel one is about 80. Al-
though we also see sidebands at once the magnet rotation frequency (which should
in principle not be there) which means we may have a small spurious component
even a 2ΩMag, we can conclude that the parameter B
2
extL for the two magnets is
equal to within about 1-2% and most importantly that the principle is correct. We
believe this improvement will be crucial in understanding the ellipsometer and that
a measurement with two magnets whose field directions can be changed is imper-
ative. There is no way of guaranteeing the authenticity of a signal observed with
only one magnet or with several magnets all in a parallel configuration.
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3.3. Preliminary measurements
With the Ferrara test setup (Figure 4) measurements have been performed to un-
derstand its limits and optimize the new apparatus in construction. Two different
noise sources exist and are under study: wideband noise and signals at the magnet
rotation frequency and its harmonics. Below we briefly report some results in the
two cases.
3.3.1. Sensitivity - wideband noise
Measurements were first performed without the Fabry-Perot cavity. We successfully
exclude noise sources from readout electronics and optical elements other than the
cavity mirrors reaching the expected sensitivity of sno cavity = 6 · 10−9 1√Hz and a
noise floor of ψfloor = 1− 2 · 10−10 with 1600 s integration time.
With the introduction of the cavity with finesse F = 240000 the noise increased
to scavity = 3 · 10−7 1√Hz at about 6 Hz. This was significantly more than what was
expected from the reduction of Iout due to cavity losses. This unexplained noise is
under study and we suspect variations of the intrinsic birefringence of the mirrors.
We also showed that the magnet rotation did not contribute to the wideband
noise indicating a good isolation between the magnet support and optical setup.
3.3.2. Spurious peaks
With the magnets in rotation we often observe ellipticity peaks varying from a few
10−8 to a few 10−7 whereas sometimes such peaks are not present. The frequencies
.
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Fig. 5. Fourier spectrum around the carrier frequency ωMod. Ellipticity measurements with the
magnets parallel (grey curve) and the magnets perpendicular (black curve). The large sidebands
at 2ΩMag are due to the Cotton Mouton effect in Oxygen gas.
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Fig. 6. Histogram of ellipticity noise in a frequency band around 2ΩMag : (3.25 ± 0.39) Hz. The
integration time was T = 8192 s. Superimposed is a fit with the Rayleigh distribution resulting in
an ellipticity standard deviation σ = 3.36 · 10−9. The vertical black line indicates the value in the
ellipticity Fourier spectrum bin corresponding to 2ΩMag = 3.25 Hz.
of these peaks are at harmonics of the magnet rotation frequency. The variability of
these peaks from one run to another seems to depend (in a non reproducible way)
on the adjustment of the input and output polarizers which are done with motorized
stages. To study the dependence of such peaks on the magnet orientation, a field
probe is present near the output side magnet. Changing the relative orientation of
the two magnets does not change the amplitude of these peaks but does change
their phase indicating that the more sensitive part of the apparatus seems to be the
entrance optics. All the motorized stages have small electric motors which couple to
the rotating magnetic field and may introduce beam jitter and therefore ellipticity.
The substitution of all these stages is programmed shortly.
3.3.3. Noise floor measurements
With the apparatus in a condition in which the peak a 2ΩMag is not present mea-
surements of a few hours have been done. The magnet rotation frequency was
ΩMag = 1.625 Hz. In Figure 6 we report the histogram of the ellipticity noise in a
narrow band around 2ΩMag: (3.25± 0.39) Hz. The integration time in this example
was T = 8192 s. The probability density function for a noise amplitude with equal
standard deviations σ for the ’in phase’ and quadrature components is the Rayleigh
function: P (r) = rσ2 e
− r2
2σ2 . In Figure 6 we have superimposed a fit with the Rayleigh
function in which the ellipticity standard deviation is σ = 3.36 ·10−9. A vertical line
in the same figure indicates the value in the Fourier spectrum bin corresponding to
exactly 2ΩMag = 3.25 Hz. Given the finesse F = 240000, L = 0.4 m, | ~B| = 2.3 T
and λ = 1064 nm the value σ = 3.36 ·10−9 translates, at 95 % c.l., in a birefringence
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limit induced by the magnetic field of
∆n <
σλ
2FL = 4.6 · 10
−20 (44)
The parameter Ae and the light-light elastic scattering cross section limit can also
be deduced (at 95 % c.l.):
Ae <
∆n
3B2ext
=
σλ
2FL3B2ext
= 2.9 · 10−21 T−2 (45)
σγγ < 9.5 · 10−59 cm2 @ 1064 nm (46)
Although not always reproducible, these limits are about a factor 2 better than the
best previously published limits obtained with the PVLAS - LNL apparatus.32
4. Conclusions
We have presented the physics the PVLAS experiment is aiming at studying and
have briefly discussed the experimental method. Noise sources are being studied
on a bench-top small apparatus in Ferrara, Italy, in view of the construction of
the final apparatus with which we hope to measure for the first time the magnetic
birefringence of vacuum due to vacuum fluctuations.
We have discussed the importance of using two dipole magnets instead of only
one whose directions can be made perpendicular to each other in order to have a zero
effect condition with the magnetic field present. This is vital to study and eliminate
spurious signals generated by the rotating field. A proof of principle measurement
using the Cotton-Mouton effect in Oxygen gas was done with the test apparatus in
Ferrara, Italy.
Finally noise floor measurements were performed in conditions in which spurious
peaks were not present. A new limit on the parameter Ae describing non linear
electrodynamic effects in vacuum has been obtained: Ae < 2.9 · 10−21 T−2. This
value improves the previous one by a factor 2.2.
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